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Precision Temperature Control for Optics Manufacturing

by
Jeffrey W. Roblee

Lawrence Livermore National Laboratory
P. 0. Box B08, L-792, Livermore, “alifornia 9U550

Abstract
The principles of precision temperature control are presented in this paper. Emphastis
is placed on the use of heat exchangers with large flowrates of coolant, Design
consliderations for such systems are highlighted. In particular, the selection of sysastem

components appropriate to the desired level of performance is discussed. Several feedback
control techniques are also presented.

Introduction

One of the largest sources of inaccuracy 1in optical components arises from thermally

induced dlstortions. These can occur in the manufacture, 1inspection, and assembly of
optical components. A number of techniques are presented for achieving temperature
control at appropriate levels of precision. The emphasis 1s on the design principles
required for constructing a system for supplying temperature controlled coolant to a
machine or instrument. The specific details of how that coolant 1is used are not
discussed. A number of practical, preclsion feedback control techniques are presented,

and alternative system designs, consisting of commercially available components, are
discussed.

At the Lawrence Livermore Natlional Laboratory (LLNL), precise diamond turning machines
are brought to a thermal equilibrium (and maintalned there) by using massive flows of
temperature controlled alr and l1iqulds. Bryan'* has used exterqﬁl 0il1 showers on machine
tools to greatly Iimprove their thermal stability and others3' have used alir showers.
Other machines at LLNL”’ combine an external air shower with internal water cooling
in areas of concentrated heating. Air BsBhowers are not effective for removing 1large
quantities of heat, but they are convenient for minimlzing the influence of external heat
sources on structures with negligible internal heating. For most applications, a thermal
gradient in a structure is permissible, as 1long as it {s stable with respect to time.
Therefore, all heat locads on precision machines should be made as constant as possible.
It 13 the suppression of time-varylng heat 1loads that determines the amount of cooling
required for a machine. However, 1f a short thermal! "soak out”"” time is not necessary,
critical structural elements should be insulated. This reduces their sensitivity to time-
varying heat loads. The thermal response time of a machine also has a great {mpact on the
temperature control system. It determines the frequency range over which the contragl
system must perform. This implies that the required temperature stability of the machine
coolant is frequency dependent, with large, high-frequency fluctuations being tolerable.

Heat Exchanger Design

At LLNL, the primary method for <controlling machine-coolant temperature uses a
chilled-water~cooled heat. exchanger, This 1s true whether the machine c¢ooclant {3 air,
water, o011, or some other fluid. Water, however, 1s an excellent coclant because of 1its
high heat capacity and 1low viscosity. Both the flowrate and the temperature of the
chilled water 1influence the machine-coolant temperature at the heat exchanger outlet.
However, heat exchangers respond faster to flowrate changes, and flowrate 13 easler to

manipulate than chilled-water temperature. Therefore, most systems at LLNL manipulate
chilled-water flowrate to achieve temperature control, while holding the chilled-water
temperature constant. By ~controlling a nheat exchanger with this technique, the
temperature control problem becomes one of flowrate control., Different flowrate-contrel

methods are presented in the following section.

The design or selection of a heat exchanger is critical if precise temperature control
is to be achleved. The following discussion focusesa on liquid heat exchangers cooled by
chilled water, but most of the comments are applicable to air heat exchangers as well.
The static and dynamic characteristics of candidate heat exchangers must be examined to

determine their ability to provide precise temperature control. This 13 complicated by
the fact that the transient response and the steady-state heat transfer are a nonlinear
function of chilled-water flowrate. The steady-state treat balarnce for a heat exchanger is

given by the equation:



Q - UA aTp = Cpm (Tg - Ty) (1)
Q = heat load (energy/tlime)
UA = overall heat transfer factor of the heat
exchanger
ATm = logarithmic mean temperature difference
across the heat exchanger
Cp = specific heat of elither fluid
m = mass flowrate of elither fluid
To = bulk outlet temperature of either fluld
T1 =~ bulk Inlet temperature of elther fluld

where

Here the bulk temperature 1is defined as the average temperature of a fluld, integrated
acrosgs 1ts cross section at a particular point in a plpellne. A typical solution to this
equation i1s shown In Fig. 1. It indicates the chliled-water flowrate and temperature
required to obtain a specified rate of heat transfer. For this example, 1t 1Is assumed
that the flowrate of the machine coolant s fixed and 1ts outlet temperature 1s nominally
gecC. This type of a plot is very useful In the evaluatlion of candidate heat exchangers.
For a constant inlet temperature, Equation 1 shows that a change in the heat transfer rate
Q produces a proportional change in the outlet temperature of the machine coolant.
Therefore, the slopes of the curves in Fig. 1 Indicate the temperature sensitivity to

flowrate errors at different chllled-water temperatures. For control system design, the
slope also represents the input-output gain of the aystem, which 1ideally should be
constant. However, the gain varles greatly with flowrate, with the steepesat slope
occurring at small flowrates. Also, the slope increases as the chilled-water temperature

drops. Therefore, Llf the heat load Is reduced, then the chllled water temperature can be
raised to reduce the sensitivity to flowrate errors.

The c¢hllled-water set-point temperature s chosen from Fig. 1 so that the necesasary
chilled-water flowrate is in the mid-range of the flow capacity. However, the flow
capacity should not be greatly oversized, because it degrades the precision of the flow
contrel. The required range of the flow controller depends on the range of heat loads and
the fluctuations in the chilled-water supply temperature, The operating region shown 1in
Fig. 1 indicates the range of flowrates required to remove different heat loads when the
chilled-water temperature varies :1.0°C about its set polint. If a wide range of flowrates
1s required, the nonlinear effects of manipulating flowrate are more significant. An
alternative solution is to vary the set-point temperature of the chilled-water supply s¢
that the variation in flowrate is reduced when the heat load changes. Fortunately, with
careful design and operation, many precision machines do have a falrly constant heat
load. A large fraction of the heat often comes from pumping the cooclant. It iIs assumed
here that the temperature control system has only to provide net cooling, and never net
heating. This greatly simplifies the system design and the control task.

To provide precise temperature control, the process of heat removal from the machine
coolant must be closely controlled. In most applicatlons, heat exchangers are desligned
for efficlently tranaferring heat, but for precislon temperature control, accurate
manipulation of small amounts of heat 1s most limportant. Therefore, the heat exchanger
must be selected in a different manner from the industrial norm. For 1instance, 1If a
400 1/min flow of water requires temperature stability to +0.0001°C under a heat load of
2.3 kW, the equivalent heat removal accuracy I{s only +0.1% of full load. In terms of heat
removal control, the temperature control problem is actually made easler with large
flowrates of machine coolant. This is true because the temperature error corresponding to
a given error In heat removal is smaller for larger flcwrates (see Equation 1).

Many types of heat exchangers can satisfy the basic design goals of adequate heat
capaclty and structural Integrity. However, iLne2 follnwing factors, {n approximate order
of priority, must be considered In the des gr or selectlon of heat exchangers for
precision temperature contrcl:

(1) Low sensitivity to flowrate errors
(2) Good mixing and uniform heat transfer
(3) Fast transient response

(4) Ease of fabrication

(5) Low pressure drop

Decreasing the sensitivity to errors in the chilled water flowrate 1s most important,
because it dictates how closely the flow must be controlled. Good mixing and uniform heat
transfer are next in importance because they are needed for accurately measuring the bulk

temperature of the fluid. Because outlet temperature {3 usually sensed at one polnt 1In
the outlet cross section, t may not be representative of the bulk temperature of the
fluid. For example, =2 time-varying temperature dlstribution across the fluid cross



phenomenom fis often the factor determining the ultimate precision of the temperature
control. The third design objective Is a fast transient response. The heat exchanger
dynamics limit the bandwidth of the control system, which in turn determines the amount of
disturbance rejection at any given frequency. Filnally, the last two design objectives are
carry-overs from standard heat-exchanger deslgn practice.

Some of these design objectives conflict, but a cross-flow heat exchanger deslign
satisfies them more than most other types of heat exchangers. They are simple to build,
have well-defined flow patterns, and have a 8small pressure drop. Good mixing of the
machine coolant @ccurs with it flowing on the shell side of the heat exchanger. Mixing Is
also promoted by avoiding oblong flow passages on the shell side and by arranging the

tubes Iin a staggered pattern. The spacing of the tubes also influences heat transfer and
mixing. To obtain a compact, fast responding heat exchanger wlith uniform heat transfer, a
large number of small diameter tubes is necessary. The convectlion coefficients inside and

outside the tubes and the heat locad determine the size of the heat exchanger. To improve
convection and enhance mixing, both the tube- and shell-side flows should be well in the
turbulent flow regime. High velocities through the heat exchanger alsoc reduce transit
times of the two fluids flowing through 1it. This 1s often the dominant factor 1limiting
the speed of response, particularly for ailr-to-water heat exchangers.

Methods of Heat Exchanger Control

With a flowrate-controlled heat exchanger, the chilled-water supply temperature must
be stabllized by some means. If the temperature drifts from {ts set point, the flow
controller can compensate for the deviation over a limited range. Therefore, a relatively
crude, on/off controlled, commercial refrigeration unit can often be used. Typically, the
water supply can be maintained to within $1.0°C of its set point. If the fluctuations in
the chilled-water-supply temperature are toco large for adequate heat exchanger control, an
in-1line heater can be used to reduce them. Only shown in Fig. 2a, a heater can be used
wlith any of the other heat-exchanger control techniques In Fig. 2. For precise control,
however, a mixing tank should be placed in the line after the heater. Experience has
shown that heaters do not uniformly transfer heat, producing slugs of hot and cold
water. Heaters are typlically controlled in a rapid on/off mode that simulates
proportional control. The controller, heater, and additional temperature Sensor are
available commercially.

Manipulating flowrate allows fine control of a heat exchanger's exit temperature, but

precise flowrate control is now required. The most commonly used technique at LLNL for
controlling flow in heat exchangers s illustrated in Fig. 2a. Two on/off solenoid valves
are employed, one normally open and one normally closed. The bypass valve opens as the
supply valve closes, thus avoiding water hammer problems. The 8olenoid valves are

operated by a controller that senses the outlet temperature of the machine coolant. Even
though liquid heat exchangers are illustrated in Fig. 2, all three control techniques are
equally applicable to chilled-water-cooled air heat exchangers.

If a flow controller {s not precise enough, an In-line heater 13 often used to {mprove
the temperature control of the machine coolant. The heater 1s mounted after the heat
exchanger, as shown 1in Fig. 2a. Besides the additional hardware that 1s required, a

heater has the disadvantages of less uniform heat transfer and a slower response time than
most heat exchangers.

An alternative flow control technique using valves 1s shown in Fig. 2b. A manual
valve has been placed in parallel with an automatic valve. The manual valve {3 adjusted
80 that the heat exchanger always provides some cooling. This technique 1s particularly
useful if the heat loads on the system are fairly constant. With such a manual valve,
the on/off translents of a solenold valve have a smaller effect on the heat exchanger,
allowing a more precise control. In addition, the response time of the heat exchanger 1is
faster.

A manual valve 1s not always necessary when a proportional modulating valve 1s used in
place of the sclenoid valve in Fig. 2b. However, 1t may permit the use of a smaller
modulating valve in its most linear range. For many proportional valves, such as gate,
globe, diaphragm, or ball valves, flowrate is nonlinearly related to valve position. This
nonlinearity degrades the flow controller performance. Gate valves typically preovide the
flnest flow control and can be made linear, or even purposely nonlinear to cancel heat
exchanger nonlinearities, For fast response, a motor-driven valve Is used, but slower
pneumatically-driven valves are also in common use. However, these valve drive mechanisms
often suffer from backlash and stietion, which limits their flow control capability.
These can be compensated for by sensing valve position and closing a control loop on I1l.
However, it is even better to sense the flowrate directly and close a contrcl loop o¢n
that. Then valve wear and all the other valve lmperfections can be compensated for,



nonlinearity on the heat exchanger control loop.

By using a variable speed pump, as shown in Fig. 2c¢, the flow control problem becomes
one of speed control. This s one of the fastest, most preclse ways toc control
flowrate. There are no backlash problems with a pump, and many commercially avallable
motor controllers have very precise speed control. Positive displacement pumps are often
used, because the flowrate is directly proportional to pump speed, Iindependent of
pressure, Typically, positive displacement pumps pumping water use rubber impellers or
nylon gears. However, a centrifugal pump can be used when a small nonlinearity between
speed and flow can be tolerated, but then the flowrate becomes sensitive to changes in the
downsatream flow resistance. However, a flowmeter can be used for closed loop flow
control, thereby minimizing the deficliencies of a centrifugal pump. A varlety of varlable
speed motors are available. To be cost effective, the response time and the precision of
speed regulation must be appropriate for the application. Inexpensive controllers often
use only current feedback from the motor, but more precise control s possible when
feedback from a tachometer or flowmeter {s used. Typically, tachometers are less
expensive and more accurate than flowmeters, so0 their use 18 preferable {f flowrate
feedback 1s not required for the pump deficiencies. To attain high performance, machline-
tool servomotors, such as DC servomotors or varlable frequency AC motors, should be used
to drive the pump. These motors have response times of tens of milliseconds, which is at
least an. order of magnitude faster than the response time of most heat exchangers. The
dynamics of the flow controller can therefore be lgnored when designing the control loop
for the heat exchanger.

Design of a Liquid Coolant System

An operational water temperature-control system at LLNL 13 described here. It serves
to illustrate how such a system, shown schematically Iin Fig. 3, can be Implemented. A
constant-apeed 5 HP, AC motor is used to drive a centrifugal pump that supplies 500 1/min
of temperature-controlled water to a precision machine toocl. The water flows through a
cross-flow heat exchanger and through a 20 m long pipeline to a mixing tank 7 m above the
machine, The 1000 1 tank and 1ts baffle plate encourage mixing, which tends to average
out temperature fluctuations of short duration. Its thermal time constant 1s 120 s. The
water flows by gravity out of the tank to the machine tool. After passing through the
tank, the water is much more homogeneous In temperature than before it entered. The water

then dralins to a 2500 1 sump beneath the machine from which the pump recycles 1t through
the system.

A 2.5-HP, 2200-rpm, varlable-speed DC servomotor drives a rubber-impeller pump, which
can supply up to 120 1/min of chilled water to the tube side of the heat exchanger. Using
tachometer feedback, the pump speed can be controlled to an accuracy of i) rpm, over a 25
Hz bandwidth. The pump draws from a 1600 )2 water tank that 1s maintalined at 10° $1°C by a
commercial, on/off-type water-chiller unit. A pump within the chliller circulates the
refrigerated water tc the tank and back.

The single-pass heat exchanger contains sixty 0.63-cm diameter, brass tubes, each 7.6-
cm long. They are mounted in eight rows, each row staggered from its neighbor, to form a
7.6- by 7.6-cm flow passage for the machine coolant. The tube-side manifold, shown in
Fig. U4, allows each half of the heat exchanger to have opposite tube flow. This tends to
balance the temperature gradient across the heat exchanger. This deslign can tranafer 2.7
kW of heat from a water flow of U00 1/min while maintaining a 20°C outlet temperature.
The corresponding chilled water flow at 10°C was 100 1/min. This heat exchanger alsc
responds quickly te changes in flowrates; 1ts bandwidth 1s 0.8 Hz.

As shown in Fig. U4, a 2.5-cm thick piece of aluminum honeycomb is mounted in front of

the thermlistor at the outlet of the heat exchanger. The honeycomb breaks up large
vortices Iinto small eddies and smoothes the temperature fluctuations by convecting heat to
and from the honeycomb walls,. To encourage a uniform flow of water over the heat

exchanger tubes, a plate with four cutouts i3 installed at the inlet to spread the flow.
A similar plate 1s also used on the tube side to promcte uniform heat transfer throughout
the heat exchanger. By using these devices, a single thermistor measurement 1s more
representative of the bulk outlet temperature of the heat exchanger.

At LLNL, thermistors are commonly used for precision temperature measurements.
They have high sensitivity, excellent long-term stability, fast response, and ease of

use. The thermistor beads in this system are only 0.3 mm in dlameter and are bonded to
the tips of glass rods which are then mounted In alumpinum tubes. Thesae thermistors
respond very quickly to temperature changes in flowing water. Their thermal response
bandwidth 1s between 10 and 15 Hz. The temperature induced change in resistance of the

thermistor is measured by an AC Wheatstone-bridge circuit with a 0.00001°C resolution.
The more common DC Wheatstone bridges provide reso utions ranging from 0.001 to 0.01°C.



Closed-Loop Control Technigues

A number of techniques can be wused to olose feedback control 1loops on heat

exchangers. Most are commercially avallable, so the type of controller chosen must be
cost effective for the desired level of temperature control. The simplest and most
inexpensive controller is an on/off type with an adjustable deadband. The deadband 13

adjusted so that the nominal on/off cycle time is short compared to the response time of
either the machine being cooled, or of a mixing tank located after the heat exchanger.
However, this method provides precise temperature control only if the chilled water
temperature and the system heat loads are relatively constant. A duty-cycle offset occurs
in the machine-ccolant temperature If the ratio of on to off periods changes greatly.
This type of contrel, in conjunction with in-line heaters (Fig. 2a), has achleved a
$+0.01°C temperature stabllity in a 160 1/min oil flow. '’ This temperature was averaged
over a 30 s period, because the cycle time of the solenoid valves was nominally 6 s, which
is much faster than the response time of the machine belng cooled.

Duty-cycle offset can be corrected If a proportional plus integral (PI) controller {s
used. The output of a PI contrcller is typically a voltage signal that 1s proportional to
the amount of flowrate required for temperature control. For an on/off device 1like a
solenoid valve, this voltage signal can be converted to a time-proportioned output that
cycles the valve's on and off periods in proportion to the controller output. If the
cycle time {s short compared to the response time of the heat exchanger, this technigue
effectively mimics the proportional control of flowrate. However, very durable solenold
valves are required to withatand the frequent on/off cycles. Microprocessor-based PI
controllers are commercially available with time-proportioned outputs. Some other digital
controllers offer more flexibility than analog controllers, such as nonlinear compensation
and averaging of multiple temperature sensors.

The inner feedback loop of the block diagram in Fig. 5 shows how a PI controller can
command a motor-apeed controller to obtainm flow control. Because the temperature-control
set point 1s fixed, the sole purpose of the feedback control 1Is to provide disturbance
rejection. Most system disturbances, such as chiller cycling or changling heat loads, are
ramp functlions. These induce a steady-state following error In a PI-controlled system.
To maximize disturbance rejection, the PI controller must be tuned to maximlze the open-
loop gain of the system at 1low frequencies, while an adequate atability margin 1s
maintalned. Most heat exchangers respond slow enough that many commercially avallable
digital controllers can provide precise temperature control. However, analog controllers
are 3till widely used.

In the system shown in Fig. 3, the machine and the heat exchanger are separated by a
35 m long pipeline and a 1000 1 tank. The coolant 1s well mixed at the machine, but it is

subject to additional environmental heat loads. Therefore, closing a feedback loop with
temperature sensed only at the heat exchanger was not adequate, and sensing temperature at
the machine makes the control system too slow for disturbance rejection. Therefore, an
inner control loop was closed at the heat exchanger, and its set point was coammanded Dby
another control loop sensing temperature at the machine. A block dtagram of this
configuration 1s shown 1in Fig. 5. This cascaded outer loop compensates for inner-loop
following errors and for errors in the Iinner-loop bulk-temperature measurement. The outer
loop 18 much slower than the inner loop, therefore, it 1s only capable of low frequency
corrections. The final closed-loop performance of the system 1s recorded in Fig. 6. This

temperature record was made at the machine after being filtered by a single-pole filter.
The filter had a time constant of 160 s, emulating the fastest thermal response of any
machine component. This $0.0002°C temperature stability is typical and 1s independent of
the 1.5°C variations 1in chilled water temperature. Without the outer loop e¢losed, the
Inner loop thermistor could be stabllized to +0.00002°C, but the coclant temperature at
the machine only indicated +0.002°C stability. This demonstrates the sensitivity of the
single-loop control system to chiller eycling, errors {n the bulk temperature measurement,
and to environmental heat loads occurring after the heat exchanger.

Design of an Air Cocndltioning System

Many of the principles of liquid-temperature control systems apply to air conditioning

systems as well. However, air is more difficult to control than 1liquids because of its
lower heat capacitance, and the larger volumes of coolant. Air cooling systems typically
operate with higher heat loads than liquid systems because of the energy required to move
large volumes of alir. Air also does not convect heat as well as liquids, necessitating
larger, more difficult to control heat exchangers. It is also more diffficult to control
the temperature of a machine using air showers, as opposed to oll showers. Careful
attention must be given to the flow distribution over the machine, which must be uniform,
of high velocity, and time invariant. Radiatign heat transfer to the surroundings also

degrades the temperature control of the machine.



An example of a high-performance alr-conditioning syatem at LLNL 1i1s ahown in Fig. T.
The air 18 drawn in through a filter box and passes through a cross-flow, air-to-water
heat exchanger. A centrifugal fan, driven by ; 25 HP motor, is placed after the heat
exchanger to deliver an air flow of up to 570 m”?/min. Thils fan is the largest heat load
in the system, rai{sing the air temperature by 1°C. As a consequence, only cooling 1is
required throughout the year. A duct connects the fan to a 0.5-m deep plenum covering the
entire ceiling of the 6- by 6-m machine enclosure. With a nominal velocity of 15 m/min
over the machine, the flow of 20°C air 1s laminar, and 1s also comfortable for the
operator. The air exlts through gratings at the perimeter of the enclosure. This
enhances ¢ooling of the heavily insulated walls and minimlzes the thermal coupling of
people to the machine. A ralsed floor allows the air to pass into a pit below the
machine, from which it returns to the fllter box through a stalirwell. The enclosure 13
slightly pressurized to avold inward 1leakage of outside air, and 1t force cools the
fluorescent ceiling lights with air leaving the machine enclosure. Make-up ailr 1is drawn
into the system from a polnt near the stairwell.

The variable-flow, chilled-water supply for the air-to-water heat exchanger is
identical to the system shown in Fig. 3. The heat exchanger was designed to minimize its
water volume, thereby decreasing its response time. The 1.2-m tall, by 1.5-m long, by
6.4-cm thieck heat exchanger has U4 parallel aluminum fins per centimeter, These are
attached perpendicularly to twentyelight 1.0-c¢m diameter copper tubes running down and back
through the fins. This two-pass heat exchanger design tends to even out the temperature
gradient across 1its face. The ends of these tubes are connected to a supply and return
manifold, respectively. The large number of small-diameter tubes encourages uniform heat
transfer. Locating the fan after the coil serves to mix the air flow, and compensates
for any uneven cooling that may result from uneven air flow across the heat exchanger. A
cascaded control technique simllar to that shown In Fig. 5 18 used. The air temperature
for the inner loop is measured at a single point in the 1.2- by 1.5-m duct downstream of
the fan. The 1large duct cross sectlon makes bulk temperature measurements more
difficult. The air temperature for the outer loop is measured in the machine enclosure
directly above the machine. PI controllers are used for both the inner and outer loops,
but the inner-loop bandwidth Is only 0.01 Hz, because of the large heat exchanger. The
performance of the alr system 1s measured wlth 10 thermistors distributed throughout the
machine enclosure. The unfiltered, 10-thermistor average over 36 hours 1s shawn in Fig.
8, demonstrating the +0.002°C temperature stabllity of the system.

Conclusions

This paper highlights the practical techniques and principles of obtaining precision

temperature control in liquids and air, These 1include:
(1) Minimizing heat load variations and decreasing their rate of change
(2) Increasing the thermal response time of critical machine components
(3) Using large flowrates of coolant
(4) Selecting the proper variable-flowrate heat exchanger for the application
(5) Using a method of flow control that is appropriate to the application
(6) Encouraging mixing to Improve bulk temperature measurements of the machine

cooclant

(7) Using a proportional plus Integrai actior controller for improving temperature
control precision

(8) Employing cascaded control lcops for improving disturbance rejection
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Fig. 5. Block diagram of the feedback control loops.
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Fig. 6. Stability of the water temperature control system.
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Fig. 7. A machine enclosure and air conditioning system.
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Fig. B. Ten thermistor average temperature in the machine enclosure.
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